Abstract: A series of 1,3-bis-substituted-5,5-dimethylhydantoins was synthesized using the reaction of 5,5-dimethylhydantoin with the corresponding alkyl halide in the presence of trimethylamine as catalyst and sodium hydroxide, according to a modified literature procedure. The experimental investigation included modification of the synthetic procedure in terms of starting materials, solvent, temperature, isolation techniques, as well as purification and identification of the products. The absorption spectra of the 1,3-bis-substituted-5,5-dimethylhydantoins were recorded in twelve solvents in the range 200-400 nm. The effects of the solvent polarity and hydrogen bonding on the absorption spectra were interpreted by means of linear solvation energy relationships using a general equation of the form n = n 0 + sp* + aa + bb and by two-parameter models presented by the equation n = n 0 + sp* + aa, where p* is a measure of the solvent polarity/polarisability, a is the scale of the solvent hydrogen bond donor acidities and b is the scale of the solvent hydrogen bond acceptor basicities. The solvent and substituent effects on the electronic absorption spectra of the investigated hydantoins is discussed.
INTRODUCTION
The hydantoin ring system has been intensively studied in view of the study of naturally occurring hydantoins 1 and various hydantoin derivatives have been synthesized for use as pharmaceuticals. [2] [3] [4] [5] Moreover, in the last twenty years 1,3-bis-substituted-5,5-dimethylhydantoins have been found to be suitable bonding agents in polymer chemistry. 6 Hydantoins are a class of bonding agents which provides an interaction of a filler with a resin to form a composite material. Selection of the substituents on the nitrogen atoms in the hydantoins is based on the resin and the reactability of the substituents therewith. The functional group on the hydantoin must be reactive or compatible with the groups in the resin. 1,3-Disubstituted hydantoins are also suitable for bonding an explosive substance which is a special filler known as an oxidizer in the resins in order to form a special type of composite known as a composite propellant. 6 In our previous works, 7, 8 the correlations between the wave numbers of the symmetric and asymmetric C=O stretching vibrations of 1,3-disubstituted-5,5-dimethylhydantoins with Taft's inductive s* constants have been reported. The results showed that the mechanism of the transmission of substituent effects in hydantoin systems depends on the nature of the substituents attached to the nitrogen atom. When electron releasing substituents are attached to the nitrogen atom, the stretching frequency increases with increasing electronegativity. However, the effect of strong electron-withdrawing substituents appears to be quite opposite, i.e., the frequencies of the carbonyl stretching vibrations are decreased.
In this paper a series of 1,3-bis-substituted-5,5-dimethylhydantoins (Scheme 1) was synthesized according to modified literature procedures and the ultraviolet absorption spectra were recorded in the region 200-400 nm in twelve different solvents.
The effects of solvent polarity and hydrogen bonding on the absorption spectra are interpreted by means of linear solvaton energy relationships (LSER), a concept proposed by Kamlet and Taft, 9 using a general solvation Eq. (1) of the form n max = n 0 + sp* + aa + bb (1) and by two parameter models presented by Eq. (2)
where a, b and p* are solvatochromic parameters, a, b and s are the solvatochromic coefficients and n 0 is the regression value of the absorption frequences in the reference solvent cyclohexane. In Eq. (1), p* is the index of the dipolarity/polarisability, which is a measure of the ability of a solvent to stabilize a charge or a dipole by its own dielectric effects. The p* scale was selected to run from 0.00 for cyclohexanone to 1.00 for dimethyl sulfoxide. The a coefficient represents the solvent hydrogen bond donor (HBD) acidity, in other words it describes the ability of solvent to donate a proton in a solvent-to-solute hydrogen bond. The a scale extends from 0.00 for non-HBD solvents to about 1.00 for methanol. The b coefficient is a measure of solvent hydrogen bond acceptor (HBA) basicity, and describes the ability of a solvent to accept a proton in a solute-to-solvent hydrogen bond. The b scale was selected to extend from 0.00 for non-HBD solvents to about 1.00 for hexamethylphosphoric acid triamide.
In this work the correlations of two and three parameters, with absorption frequencies is presented. The present paper demonstrates how the linear solvation energy relationship method can be used to unravel, quantify, correlate and rationalize multiple interacting effects of the solvents on the UV/Vis absorption spectra of 1,3-bis-substituted-5,5-dimethylhydantoins. 1,3-Bis(2-hydroxyethyl)-5,5-dimethylhydantoin was prepared by hydroxyethylation of 5,5-dimethylhydantoin through the addition of ethylene oxide, according to literature data 12 without any changes. However, isolation of this product from the reaction mixture and the purification process as reported in the literature, 12 was not satisfactory from the point of view of the designated yields. Purification by distillation under vacuum at 205-210 ºC (0.01995 bar), as reported in the literature, 12 caused decomposition of the 1,3-bis(2-hydroxyethyl)-5,5-dimethylhydantoin. The final purification of the crude product was modified in comparison to the method used in the literature. 12 The crude product was first diluted with water and the obtained mixture was extracted with diethyl ether. The ether was removed and 1,3-bis(2-hydroxyethyl)-5,5-dimethylhydantoin crystallized as solid with a melting point of 55-57 ºC (Ref. 12, m.p. 57 ºC).
1,3-Bis(2,3-epoxypropyl)-5,5-dimethylhydantoin was prepared by the reaction of 5,5-dimethylhydantoin with epichlorohydrine in the presence of triethylamine as catalyst and sodium hydroxide, according to the literature data. 13 However, isolation of this product and the purification process were modified. Namely, the crude product was not obtained as a solid compound as reported in the literature. 13 In this work 1,3-bis(2,3-epoxypropyl)-5,5-dimethylhydantoin was obtained as an oil. The crude product was dissolved in hot water, extracted with ether, the ether was removed and the product was crystallized by cooling the aqueous solution to 0 ºC. The white ecrystals were obtained by filtration (m.p. 70-72 ºC (Ref. 13 , 72 ºC)).
1,3-Bis(2-carboxyethyl)-5,5-dimethylydantoin was prepared by the procedure described for the corresponding methyl ester. 14 A mixture of 5,5-dimethylhydantoin, methyl acrylate, potasium hydroxide and hydroquinone catalyst was refluxed 3.5 h, distilled under vacuum to give dimethyl-5,5-dimethylhydantoin-1,3-bispropionate and then hydrolyzed to the corresponding acid. The isolation process and purification of this product were modified in the same way as for 1,3-bis(2,3-epoxypropyl)-5,5-dimethylhydantoin. The product melted at 110-112 ºC (Ref. 14, m.p. 112 ºC).
An attempt to synthesize 1,3-diallyl-5,5-dimethylhydantoin by the procedure described for 1,3-bis(2,3-epoxypropyl)-5,5-dimethylhydantoin did not give satisfactory results (5,5-dimethylhydantoin did not dissolve allyl bromide). 1,3-Diallyl-5,5-dimethylhydantoin was prepared by the modified method which we published earlier. 7 A mixture of hydantoin, allyl bromide and triethylamine was heated to boiling in tetrahydrofuran. In this synthesis, the same molar ratios were used as for the synthesis of 1,3-bis(2,3-epoxypropyl)-5,5-dimethylhydantoin. Tetrahydrofuran proved to be the best solvent in the series of solvents N,N-dimethylformamide, dimethyl sulfoxide, dioxane, tetrahydrofuran. This is probably because all the starting reagents are soluble in tetrahydrofuran and it is inert enough not to take part in the chemical reaction. Furthermore its boiling point provides the optimal temperature to avoid the eventual polymerization of the final product. The refluxing period was selected in a manner to enable the actual reaction and it is not recommended to prolong the heating longer than 3.5 h as decomposition of the product occurs. A strong base, sodium hydroxide, was added consequently to eliminate hydrogen halogenide, giving the 1,3-diallyl-5,5-dimethylhydantoin. After cooling to 0 ºC, the potassium bormide was filtered off, the solvent was evaporated and the pure compound was obtained by distillation (b.p. 195-198 ºC/0.0199 bar) of the reaction mixture under vacuum or by drying in air at the room temperature, yielding an oil showing all characteristics of 1,3-diallyl-5,5-dimethylhydantoin.
All the synthesized 1,3-bis-substituted-5,5-dimethylhydantoins were identified by melting or boiling points, FT-IR, 1 H NMR and UV spectroscopic data.
RESULTS AND DISCUSSION
In this work, the ultraviolet absorption spectra were recorded for 1,3-bis-substituted-5,5-dimethylhydantoins in the region 200-400 nm on a Shimadzu 160 A spectrophotometer in twelve different solvents. The spectra were run in spectroquality solvents using concentrations of 1´10 -4 M.
The effects of the solvents on the electronic absorption spectra of 1,3-bis-substituted-5,5-dimethylhydantoins can be explained as follows. The 5,5-dimethylhydantoin spectrum in which the electronic transitions on the -CO-N-CO-group lead to one absorption band was taken as the reference. The ultraviolet absorption data for 1,3-bis-substituted-5,5-dimethylhydantoins in twelve solvents are given in Table I . Examination of the data given in Table I shows that there is an identical trend in the UV absorption data of the investigated compounds in all solvents used. Increasing the chain length of the substituents generally results in batochromic shifts of the long wavelength absorption maximum as compared to that of the reference system. The effects of solvent polarity and hydrogen bonding on the 1,3-bis-substituted-5,5-dimethylhydantoins are interpreted by using a general solvation Eq. (1). The solvent parameters 15 are given in Table II. The correlation of the spectroscopic data were performed by multiple linear regression analysis. Multiple linear regression of the n max calculated from Table I (n max = 1/l max ) and p*, a and b solvent parameters gave poor results for all the examined hydantoins because the b parameter is not significant in these correlations. The best results were obtained by two-parameter models in ten solvents (methanol, ethanol, propan-2-ol, butan-2-ol, 2-methyl-2-propanol, ethylene glycol, N,N-dimethylformamide, ethyl acetate, tetrahydrofuran and dioxane) as shown by Eqs. (2a)-(2f) . The overall hydrogen bonding situation for 5,5-dimethylhydantoins in amphiprotic solvents can probably be represented as in 1a, 1b, 1c, and 1d canonical structures (Scheme 2).
The canonical structures 1b, 1c, and 1d more closely resemble the resonance hybrid representing the electronic excited state and structure 1a can be expected to make a predominant contribution to the resonance hybrid representing the ground state. The positive sign of the coefficients in Eqs. (2a)-(2f) indicates a hypsochromic shift with increasing solvent hydrogen bond acidity. The negative sign of s in all the equations indicates a batochromic shift with increasing solvent polarity/polarizability.
The results of the correlations of all of the examined 1,3-bis-substituted-5,5-dimethylhydantoins (Eqs. 2a-2f) show that most of the solvatochromism can be ascribed to the solvent acidity rather than the solvent polarity/polarizability. This suggests that structure 1a is stabilized to a greater extent than the structures 1b, 1c, and 1d by the dominant hydrogen bond donor acidity solvent effect. Increasing the chain length of the substituents attached to the nitrogen atoms generally leads to a decrease of the solvent HBD acidity effect compared to the reference system (a/s decreases). These results indicate that steric effects between the substituents and the carbonyl groups are important factors in the correlations between the structures in addition to solvent effects and the electronic transition energies of the studied 1,3-bis-substituted-5,5-dimethylhydantoins.
The satisfactory correlation of the ultraviolet absorption frequencies of the investigated hydantoins with the two-parameter model of the solvatochromic effects, Eq. (2), indicates that the correct model was selected. This means that this model gives a correct interpretation of the linear solvation energy relationships of the complex system of 1,3-bis-substituted-5,5-dimethylhydantoins in different solvents. We consider that the UV/Vis absorption results of 1,3-bis-substituted-5,5-dimethylhydantoins in different solvents presented in this work may be utilized to quantitatively estimate and separate the overall solvent effect into the contribution of structure 1a and structures 1b, 1c and 1d. This information is valuable when 1,3-bis-substituted-5,5-dimethylhydantoins are used as bonding agents in different composite materials. 
